In order to clarify the generation mechanism of Z-mode waves observed in the equatorial plasmasphere, the growth rate of Z-mode electromagnetic waves has been calculated under the higher-order cyclotron interaction process. Z-mode waves can interact with some tens of keV electrons with large pitch angles even in the dense cold background, and the amplitude is consistent with the Akebono plasma wave measurements. UHR and whistler mode waves are also excited by the same electron distribution, and this is also consistent with observations. The origin of these energetic electrons are identified as the ring current electrons injected into the plasmasphere by the intense large-scale electric field during geomagnetic storms, accelerated perpendicular to the ambient magnetic field and confined around the geomagnetic equator conserving the first and second adiabatic invariants. Since the intensity of Z-mode and UHR waves is associated with the development and decay of the ring current, ring current particles are most possible candidate for the free energy source of these waves.
Introduction
UHR (slow Z-mode) waves are identified as weak continuous emissions and measured in the wide region of the magnetosphere and plasmasphere (Mosier et al., 1973; Christiansen et al., 1978) . Since these waves are observed continuously and the frequency depends on the plasma frequency, these emissions have been used to estimate local electron density (Bauer and Stone, 1968) . Z-mode electromagnetic emissions (fast Z-mode) have been reported in the auroral magnetosphere, following to R-X or L-O mode auroral kilometric radiations (Calvert, 1966) and in ionospheric sounding echoes (Eckersley, 1933) . Although it is difficult to distinguish Z-mode waves from UHR waves in the high-ω p / e region of the magnetosphere, natural Z-mode waves have been identified in the topside ionosphere in the region of ω p e > 1 (Horita and James, 2004) .
UHR and Z-mode waves frequently enhance in the geomagnetic equatorial region of the plasmasphere, which has been called the equatorial enhancement of the plasma wave turbulence (EPWAT) (Oya et al., 1990 . Although the Akebono satellite has not performed particle measurements around the equator, it has been considered that these plasma wave enhancements are associated with energetic particles injected into the inner plasmasphere during geomagnetic storms, since the intensity of these waves increases during geomagnetic active periods Nishimura et al., 2006) .
Since UHR waves can interact with thermal electrons, it has been thought that these emissions are related to commonly existing thermal plasma or the radiation belt partiCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
cles in the magnetosphere through the coherent Cerenkov process (or inverse Landau damping) (Harvey, 1968; Gregory, 1969) . Z-mode waves, however, cannot resonate with thermal electrons through Landau-type interactions, because their phase velocities are larger than the speed of light in vacuum. Therefore, it has been thought that, since Z-mode waves are connected with electrostatic modes, Zmode waves are generated as the result of the linear mode conversion from UHR mode waves (Bauer and Stone, 1968; Jones, 1980; .
However, the previous study suggested that the intensity of Z-mode waves was the same order or larger than that of the UHR waves (Nishimura et al., 2006) . In addition, as will be shown in Fig. 1 , intense Z-mode waves are sometimes detected without enhancement of UHR waves. These evidences suggest that Z-mode waves are not simply converted from electrostatic waves but generated by a direct process. Although it has been widely believed that a low plasma density background is a necessary condition to excite high-frequency electromagnetic waves directly (Melrose et al., 1984) , the cyclotron resonance condition itself can be satisfied for the higher-order resonance even in the dense plasmaspheric plasma. In the present paper, we discuss how effectively Z-mode electromagnetic waves are excited directly in the equatorial region of the plasmasphere through a higher-order cyclotron resonance. Numerical calculations of wave growth rates is performed by considering energetic electrons with large pitch angles, and we will show that large growth rates can be obtained through the higher-order cyclotron resonance with Z-mode electromagnetic waves in high-ω p / e regions. Finally, we will propose a whole story to produce such energetic electrons, which become the energy source of EPWAT phenomena.
Basic Equations
The Akebono satellite was launched on February 22, 1989 into a quasi-polar orbit with an inclination of 75.1
• with an initial perigee and apogee of 274 km and 10,500 km, respectively. It continues its observations for more than 18 years, with a relatively shorter orbital period of 3.5 hours. The plasma wave and sounder (PWS) system on board the Akebono satellite measures two components of electric fields with a time resolution of 2 seconds in a frequency range between 20 kHz and 5.2 MHz (Oya et al., 1990) . We have employed the following definition to separate UHR and Z-mode waves where ω p / e > 1 following to the definition by Oya et al. (1990) . The left-handed plasma wave observed in a frequency range of ω z ≤ ω ≤ ω p is Z-mode. The right-handed plasma wave observed in a range of ω p ≤ ω ≤ ω UHR is UHR mode. The Z-mode waves have electromagnetic nature and resonate with energetic electrons through cyclotron resonances, while the UHR mode waves have electrostatic nature and are mainly generated by thermal electrons through Landau-type interaction processes. In general, both modes are called the Z-mode wave, but we distinguish these modes in order to study the origin of these waves.
Injection of energetic electrons
The following relativistic guiding center equations is solved numerically to investigate the evolution of pitch angle, energy, as well as trajectories of energetic electrons (Roederer, 1970) :
where m 0 is the rest mass, u is the momentum normalized by m 0 , μ is the relativistic first magnetic invariant, e is the cyclotron frequency, and γ is the Lorentz factor, respectively. This equation only includes E × B, ∇ B, and polarization drifts, and exclude plasma wave fields, which violate the conservation of the first adiabatic invariant and lead to pitch angle and energy diffusion. The electric field is given by the statistical study of the Akebono satellite measurements (Nishimura et al., 2007) with the dipole magnetic field.
Cyclotron resonance with energetic electrons
In order to evaluate the possibility of the direct excitation of Z-mode waves in the equatorial plasmasphere, we have calculated linear growth rates of plasma waves under the existence of energetic electrons and dense cold electrons. The major component of particle distribution is the ambient dense cold plasma with the temperature of 1 eV (Kutiev et al., 2002) , and the minor component is hot plasma with the energy of the order of 10 keV (Maynard et al., 1996) . As the valid conditions for the linearization, we have performed the calculation under the wave magnetic component much smaller than the ambient magnetic field, and the linear growth or damping rate much smaller than wave frequencies. The real part of the wave frequency and group velocity is given by the Appleton-Hartree's dispersion relation: This is because when discussing the growth rate of Z-mode waves with the phase velocity of larger than the speed of light in vacuum, thermal effects can be safely neglected for the real part of the wave frequency. For the case of UHR waves, this assumption is valid where the wavelength is longer than 100 times of the electron gyroradius with the speed of light. The linear growth rate is calculated following to the hot plasma theory (Baldwin et al., 1969) :
where n is the order of resonance, J n is the n-th Bessel function, n s is the electron density of s species (cold and hot electrons). The coefficients α 1 , α 2 , α 3 , and G are functions of the wave frequency, wavenumber, plasma frequency, cyclotron frequency, and momentum of the energetic particles as described by Lee et al. (1979) . The particles which satisfy the cyclotron resonance condition can interact with plasma waves, and the gradients of distribution functions in the momentum space determine whether the wave grows or damps.
As will be shown in the next section, energetic electrons can be injected into the plasmasphere during geomagnetic storms and become a candidate for the free energy source of plasma waves. Since these electrons are accelerated perpendicularly to the ambient magnetic field by the largescale electric field, a lower energy cut-off is possible to exist in the distribution function of these electrons. In the present study, energetic electrons are assumed to have a ring distribution in the momentum space:
where A 2 is the variance of a normalized momentum, which corresponds to temperature, u 0 and u ⊥0 show average momenta, and n h is the number density of hot plasma. Parameters are chosen as n h = 1 /cc, u ⊥0 /c = 0.4 ∼ 40 keV, u 0 = 0, and A = A = A ⊥ = 0.1 = 17.5 keV, and this distribution is shown in Fig. 4 . These values are estimated from the ring current measurements by Maynard et al. (1996) during disturbed periods.
The cold back ground component with the Maxwell distribution is also shown where n c = 1, 000 /cc, and A = 1.4 × 10 −3 = 1 eV. This plasma density of the cold background is estimated from the Akebono/PWS analysis, and the temperature is deduced from the statistical study using the Akebono satellite data (Kutiev et al., 2002) . Although the cold component is dominant compared to the hot component, it is confined around the origin of the momentum space and then does not affect the wave growth or damping. Figure 1 shows a dynamic spectrum observed by the Akebono/PWS on May 10, 1990 in the moderately disturbed period, including enhancement of plasma waves around the geomagnetic equator. UHR and Z modes are distinguished using the automatical detection of the plasma frequency (Nishimura et al., 2006) , where UHR, plasma and Z-mode cut-off frequencies are indicated by yellow, white, and red dots. The Z-mode wave is enhanced just below the plasma frequency, and its intensity decreases toward the Z-mode cut-off frequency, indicating the wave propagation toward the Earth. As seen in the frequency spectrum at 3:53:30 UT, the Z-mode emission involves multi-banded discrete spectra. It suggests that a coherent wave-particle interaction process excites these Z-mode waves. The multi-banded nature is attributed to the spatial dependence of the plasma and cyclotron frequencies resulting in the change of wave frequencies satisfying the resonance condition.
Observations
The Z-mode waves enhance with the intensity of more than 10 μV/m in a narrow latitude range from −2.4
• to 9.4
• , while in the other latitudes, the intensity is less than 0.5 μV/m. Thus, the Z-mode waves are intensified up to 26 dB (= 20 × log(10/0.5)) in the equatorial region. On the other hand, UHR-mode waves do not show clear enhancement around the equatorial region.
In this event, whistler mode waves are also intensified in the equatorial region. As well as Z-mode waves, these emissions consist of the similar discrete spectra in frequency ranges of 0.15 < ω/ e < 0.39 and 0.68 < ω/ e < 0.76. These discrete spectra of Z-mode and whistler waves indicate that these waves are excited through a coherent plasma process such as the cyclotron resonance with energetic electrons.
Figure 2(a) and (b) show the temporal variation of the intensity of UHR and Z-mode waves in a geomagnetic latitude range within ±40
• from February 1 to 15, 1992. This period includes two intense geomagnetic storms, and both the UHR and Z-mode waves have a clear tendency to enhance during the geomagnetic storms. During the main phase of the February 1-5 geomagnetic storm, both UHR and Z-mode waves intensify to 10 μV/m in low and midlatitude ranges, centered at the geomagnetic equatorial region. During the recovery phase, the intensity of these waves decreases with time and almost disappears on February 5. On February 8, UHR and Z-mode waves again begin to be intensified, and after the main phase of the geomagnetic storm, intensity of UHR and Z-mode waves gradually decreases, and recovers to the pre-storm level on February 11. After February 12, although weak activity of UHR and Z-mode is identified in the geomagnetic equatorial region, its intensity is about 1 order of magnitude lower than that of geomagnetic storm times. In addition, the intensity of Z-mode waves is almost equal or greater than that of UHR mode waves, especially on February 9 and 10. This suggests again that these Z-mode waves are not simply enhanced as a result of the linear mode conversion process from electrostatic waves but generated by a direct process, although we must consider the propagation effect in the observed distribution of Z-mode waves. Next, we consider the source population of Z-mode waves in the equatorial region. During geomagnetic storms, large-scale electric field intensifies in the inner magnetosphere, and significantly contributes to the injection of energetic electrons into the near-Earth region (Wygant et al., 1998; Nishimura et al., 2007) . It is expected that these strong electric fields also affect the energy and pitch angle of energetic electrons penetrated into the plasmasphere. We traced trajectories of such electrons using Eq. (2) under the storm-time electric field studied by Nishimura et al. (2007) . Figure 3(a) shows trajectories of electrons with the initial position, energy and pitch angle of X = −6.6R E , 1 keV, and 45
• , respectively, which are typical values of Electrons initially at the premidnight tail region are quickly injected into L = 2 within 4 hours, and the energy is increased up to 18 keV. A remarkable feature appears in its pitch angle increased to 89.6
• due to the conservation of the first and second adiabatic invariants, and as a result, they become equatorially mirroring electrons in the plasmasphere. Therefore, the equatorial plasmasphere is filled with energetic electrons with energies of the order of 10 keV supplied from the premidnight tail during geomagnetically disturbed periods. Such equatorially mirroring energetic particles have actually been observed in the inner magnetosphere during geomagnetic storms (Burke et al., 1998; Mishin and Burke, 2005) , and thus these particles are the most possible candidates for the free energy source of enhanced activities of the plasma waves confined in the equatorial region. Figure 4 represents a resonance curve (Eq. (3)) for the Z-mode with n = 3 and ring distribution function shown in Eq. (4). Since this curve crosses the region of ∂ f /∂u ⊥ > 0 in the momentum space, the Z-mode wave is expected to have a positive growth rate. Since ω p / e is high in the plasmasphere (2.85 in Fig. 1) , the Landau and first order cyclotron resonances do not occur for Z-mode waves. However, higher-order resonance conditions are satisfied, and then electromagnetic waves can be excited even in the dense cold background.
Cyclotron Resonance with Energetic Electrons

Z-mode waves
Dependence of resonance curves of Z-mode waves on wave frequency and plasma parameter is shown in Fig. 5 . The wave normal angle θ is 80
• , a representative value with a positive growth rate in Fig. 6 . Curves with frequencies of 2.8 ≤ ω/ e ≤ 2.9 is in the region with ∂ f /∂u ⊥ > 0, and thus the Z-mode waves are likely to be excited with a narrow band spectrum. Resonant energies become smaller for larger wave normal angles, because the γ factor can be smaller for the smaller contribution of the term, k u due to the dispersion property of the Z-mode waves. It is noted that even in such low energy range, relativistic effect is essential for the resonance condition, because the curves have elliptical shape by the contribution of the γ factor. Figure 6 shows the growth-rate of Z-mode plasma waves using Eq. (3) in the electron distribution shown in Fig. 4 . Normalized frequencies are marked beside each curve. The panel (a) shows the wave normal angle and wave frequency dependences of the wave growth rate normalized by the cyclotron frequency where ω p / e = 2.9, and n = 3. The maximum growth rate ω i is 1.1 × 10 −3 e with ω r / e = 2.84 and θ = 90
• . The group velocity of this wave is v g⊥ /v g = 0.47c/0.01c, which is also nearly perpendicular to the magnetic field. These waves are excited just below the ambient plasma frequency with large wave normal angles. It is because the resonant energies become smaller for larger wave normal angles. Therefore, Z-mode waves can resonate with keV electrons around ω n e . From these results, it is found that Z-mode waves effectively interact with energetic electrons with large pitch angles in the energy range of some tens of keV just below the plasma frequency.
For this ω p / e , the third order resonance has the largest growth rate. For n ≤ 2, the resonance condition is not satisfied for Z-mode waves. For n ≥ 4, though the resonance condition can be satisfied, it requires relativistic electrons with the energy larger than 100 keV. That particle population is much less than 1-10 keV electrons, and the growth rate is more than one order of magnitude smaller. Then, the next subject which we should investigate is whether these waves grow up to the observed intensity level during the propagation around the equatorial plasmasphere. The wave energy gain can be estimated as
where v g is the group velocity vector calculated from the Appleton-Hartree's dispersion relation. The ambient plasma density is given by n c = n 0 L −2.65 , which is obtained from the observational result by the Akebono/PWS (Ikeda et al., manuscript in preparation) , and the ambient magnetic field is assumed to be the dipole magnetic field. Hot plasma is distributed uniformly in space with ring dis- • , and propagate toward the Earth until these waves reach cut-off at ω = ω z . The waves effectively grow in a small distance of the first 0.05R E where the wave frequency is just below the ambient plasma frequency. This frequency characteristic is consistent with the observation in Fig. 1 . After escaping these regions, amplitudes of these three waves reach the maximum values of 33.8, 26.4, 13.7 dB, and slightly decrease due to the cyclotron damping by hot plasma because the radii of resonant curves increase. As shown in Fig. 1 , the observed Z-mode waves are enhanced about 26 dB from the background noise level in the equatorial plasmasphere. The energy gains estimated from the present calculation are almost the same level to explain the observed Z-mode waves in Fig. 2 . This result suggests that Z-mode waves observed in the equatorial region of the plasmasphere, can be excited directly by the cyclotron-type wave particle interaction.
UHR and whistler mode waves
Intense UHR waves can also be generated by the higherorder cyclotron process under the same distribution function. Figures 8(a) and 9(a) show the resonance curves and corresponding growth rates of UHR waves for the same condition as Fig. 6 . The resonance curves are elliptical when UHR waves interact with keV electrons. Waves with large wave normal angles around 80
• are excited with the e near the UHR frequency. However, frequencies in resonance are strongly limited ( ω/ e ∼ 0.02). This narrow frequency bandwidth cannot explain the enhanced UHR waves in the whole UHR branch seen in Fig. 1 . If the resonance condition for other frequencies in the UHR mode is also satisfied in nearby plasma, the wide spectral bandwidth would be explained by the propagation effect. Otherwise, since UHR and electrostatic waves can interact through the Landau and first order cyclotron resonances, these processes will work more efficiently to excite UHR waves.
The ring-type momentum distribution also has a possibility to produce whistler mode waves through the cyclotron resonance. Figures 8(b) and 9(b) show the resonance curves and growth rate of whistler waves with the same condition in Fig. 6 other than n = 1 and θ = 5
• . The waves in a frequency range of 0.2 < ω/ e < 0.3 resonate with keV electrons, and the maximum growth rate reaches ω i / e = 4.5 × 10 −2 , which is larger than that of the Zmode waves. This result is consistent with the Akebono observation given in Fig. 1 , where whistler waves are observed associated with Z-mode enhancements. The observed frequency range of the lower band whistler waves is coincident with the excited wave in Fig. 6 . Therefore, the enhancement of the Z-mode and whistler mode waves supports the existence of energetic electrons with some tens of keV confined around the geomagnetic equator, and these electrons generate Z-mode and whistler mode waves through the cyclotron interaction. Although whistler waves have growth rates as large as those of UHR or Z-mode waves, these waves are weaker and not as frequently observed as UHR and Z-mode waves. It would be because the excited whistler waves have small wave normal angles, and propagate out of the equatorial region with relatively short time before being amplified enough.
Discussion and Conclusion
From the Akebono wave measurements, we have shown that Z-mode electromagnetic waves are excited in the equatorial plasmasphere during geomagnetically disturbed periods. Z-mode waves tend to be more intense than UHR waves, indicating that these Z-mode waves are excited directly through a wave-particle interaction rather than the mode conversion from electrostatic waves. A possible candidate of the source population is energetic electrons injected into this region by the intense large-scale electric field during geomagnetic storms. From the trajectory tracing, electrons in the premidnight tail region are accelerated perpendicular to the ambient magnetic field and confined around the geomagnetic equator because of the conservation of the first and second adiabatic invariants. Since the intensity of Z-mode and UHR waves is associated with the development and decay of the ring current, ring current electrons are a probable candidate for the free energy source of these waves after injected into the equatorial plasmasphere.
In order to investigate whether equatorially mirroring electrons excite Z-mode plasma waves directly, linear growth rates of Z-mode waves have been calculated numerically in the high-density backgrounds of the plasmasphere. Z-mode waves interact with tens of keV electrons with large pitch angles through the higher-order cyclotron resonance. From the calculations of spatial growth rates, Z-mode waves are amplified 33.8 dB. This magnitude is consistent with observations in the equatorial region by the Akebono satellite. The generated Z-mode waves have large wave normal angles, and thus these waves propagate nearly perpendicular to the magnetic field. This explains the confinement of the Z-mode activity around the geomagnetic equator.
Intense UHR waves can also be generated by the equatorially mirroring electrons through the higher-order cyclotron resonance with a large growth rate of ω i / e = 1.3 × 10 −2 . However, the frequency bandwidth of 0.02 e is too narrow to explain the enhanced UHR waves in the whole UHR branch. The Landau and first order cyclotron resonances (Harvey, 1968) or propagations from surrounding plasma would contribute to the UHR emissions in the equatorial plasmasphere.
The ring-type momentum distribution of electrons also produces whistler mode waves by the first order resonance. These waves are excited in a frequency range of 0.2 < ω/ e < 0.3 with the maximum growth rate of ω i / e = 4.5 × 10 −2 , which is larger than that of the Zmode waves. Generation of whistler waves associated with Z-mode waves is consistent with the Akebono observation. These results suggest that equatorially mirroring energetic electrons exist in the equatorial region, and these electrons excite electromagnetic waves mainly through the cyclotrontype interactions.
This first order resonance is the same process discussed by Kennel and Petscheck (1966) and Wu and Lee (1979) . Winglee and Dulk (1986) and Yoon et al. (1998) have considered the higher-order cyclotron maser in a condition of ω p / e > 1 but focused on UHR (slow Z) waves. Our mechanism concerns the generation of fast Z-mode waves in high density background, where it has been considered to be difficult to excite electromagnetic waves. Although the growth rate of Z-mode is smaller than the case of the UHRmode, it can explain the amplitude observed by the Akebono satellite. Thus, the higher-order cyclotron resonance is possible to work for the generation of Z-mode electromagnetic waves.
In the present work, since the growth rate calculations are based on the linear theory, quasi-linear and non-linear effects are not taken into account. Distribution functions will be relaxed to a marginal state of stability, and wave growth rates will become smaller than the present results (Yoon et al., 1998) . Spatial inhomogeneity of the ambient magnetic field caused by the large amplitude plasma waves will cause the phase trapping of energetic electrons, and the wave frequency will be modulated in the non-linear stage of waveparticle interaction (Katoh and Omura, 2007) . However, the wave magnetic field of enhanced Z-mode waves is about 0.1 pT for the observed wave electric field of 10 μV/m, which is 10 −6 times smaller than the ambient magnetic field. Thus, the linear approach is still valid to discuss the generation process of enhanced Z-mode waves in the equatorial plasmasphere.
From these results, we can deduce the storm-time evolution of ring current electrons as the origin of plasma waves in the equatorial plasmasphere. Electrons with from 100 eV to 1 keV in the geomagnetic tail region are injected into the inner plasmasphere by storm-time strong ambient electric fields. Since these electrons are perpendicularly heated conserving the first and second adiabatic invariants, energetic electrons are localized in the equatorial plasmasphere with the energy of some tens of keV. These electrons generate UHR, Z-mode and whistler waves mainly by the cyclotrontype interaction process around the geomagnetic equator, drifting around the Earth. Since the amplitude of large-scale electric field depends on geomagnetic activities, the activity of excited plasma waves by these energetic electrons also shows a clear dependence on geomagnetic conditions. This process will explain the origin of the EPWAT phenomena observed by the Akebono satellite.
